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Thermoelectric propertiesThe powders as well as the texture modulated Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) bulk
materials are prepared via solid state reaction, sol–gel and spark plasma sintering method. The powder
and bulk materials are analyzed with regard to their phase composition and microscopic character by
X-ray diffraction (XRD) and scanning electron microscope (SEM). The thermoelectric transport properties
of the bulk materials are measured and investigated. The results show that the plate-like powders with
uniform particle size tend to align regularly rather than the powders with anomaly shape and particle
size distribution by spark plasma sintering method. The bulk materials co-doped by elements with lower
electronegativity tend to form better texture rather than that of the bulk materials co-doped by elements
with higher electronegativity via spark plasma sintering method. The resistivities and Seebeck coeffi-
cients are in negative accordance to the bulk material texture as a whole, and the carrier transport mech-
anism is not influenced. The electrical performance is tuned with optimized power factor
462 lWm1 K2 at 973 K for Ca2.8BaxPryCo4O9+d (x = y = 0.1) bulk materials.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Thermoelectric materials (TE) afford a direct way converting
heat energy into electricity by Seebeck effect and Peltier effect, vice
versa [1]. They can be applied in massive heat production collect-
ing areas and micro cooling fields. The energy conversion efficiency
is positively correlated with the thermoelectric dimensionless fig-
ure of merit ZT of the materials expressed as:
ZT ¼ a2T=qj ð1Þ
where is the Seebeck coefficient, q is the electrical resistivity, T is
the serving temperature and is the total thermal conductivity,
respectively [2]. Perfect TE materials should be a type of materials
called electron crystal and phonon glass (ECPS), namely those mate-
rials with electron crystal like carrier conduction and phonon glass
like phonon conduction [3]. In fact, high Seebeck coefficient, lowresistivity and thermal conductivity are inevitably needed for good
TE materials. The power factor PF is embodiment scale for the elec-
trical performance of a TE material expressed as:
PF ¼ a2=q ð2Þ
High electrical performance is required for a good TE material.
Thus TE materials should have higher power factor combined by
Seebeck coefficient and resistivity. Among several p type oxide
TE materials, the cobalt oxide based TE materials have many
advantages such as environmental amity, temperature stability,
materials cheapness and easy preparation over those greatly
developed alloy-based TE materials such as the tellurides [4–8],
antimonides [4,5] and half-Heusler alloys [8]. Shikano et al. had
reported the highest TE figure of merit ZT (ZT973 = 0.87) of
Ca3Co4O9+d single crystal in 2003, this type of material had
attracted wide attention within TE field thereafter for its high TE
performance and much potential [9–12]. Unfortunately, in prac-
tice, the TE performance remains relatively low for polycrystalline
Ca3Co4O9+d based materials (ZT973 6 0.4). Hopefully, Nong et al. had
discovered the highest TE figure of merit ZT (ZT973 = 0.45,
ZT1118 = 0.61) of Ca3Co4O9+d-based polycrystalline in 2011 [13].
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performance trend with increasing temperature and high melting
point of Ca3Co4O9+d, however the TE performance is still lower than
that of the single crystal material. It is indicated and verified that
the texture is the key factor determining the TE performance of
the Ca3Co4O9+d-based polycrystalline bulk materials. Textured bulk
materials with well particle alignment are needed for further
searching of good TE properties of the titled system.
To our knowledge, the titled bulk materials with well particle
alignment and texture can be prepared by several methods. Hot
pressing is proved to be effective for fabricating high textured
Ca3Co4O9+d-based polycrystalline bulk materials [14], however
the process is a little complex. The polymerized complex and flux
method is another way preparing textured materials, but these
methods are rather costly and finite [15]. Thirdly, the reactive tem-
plated grain growth method is an effective way for preparing grain
aligned materials, unfortunately this method is also complicated
and time consuming, and it is also compositional restrictive [16].
The spark plasma sintering method (SPS) is indeed proved to be
much effective for fabricating particle aligned bulk materials
[17]. It is reported that both the alloy-based bulk materials and
the oxide based bulk materials with well particle alignment and
texture can be prepared by this method. Note that the SPS method
not only affords a way fabricating highly particle-aligned
Ca3Co4O9+d bulk materials [17–19], but also the bulk materials’
particle-alignment can be further modulated through element
doping during the SPS process [18–21]. For instance, the texture
of the titled oxide material system has been successfully modu-
lated by doping for Ca site [18]. It is found that the same valent
elements doping for Ca site is positive for texture formation, while
the bulk materials with different valent elements doping for Ca site
show reverse behavior [19–24]. From another point of view, the
titled material system is also suitable for carrier doping in order
to tune the TE transport parameters, and rare earth element doping
has been verified to be a successful way optimizing electrical
properties of Ca3Co4O9+d [22–24], as a result of modulated carrier
density, effective mass and mobility. The Ba doping for Ca site is
favorable for bulk texture formation and electrical resistance
reduction [18,20], while the Pr doping for Ca site shows reverse
behavior for the texture formation, nevertheless the Pr doping
would redound to heightening the Seebeck coefficient [25]. In this
paper; the particle alignment process during SPS, the combining
influences of Ba and Pr co-doping on the bulk material’s particle
alignment as well as the electrical transportation are systemati-
cally investigated for the first time to our knowledge.Experimental details
The Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) polycrys-
talline powders were synthesized by the sol–gel method with
citrate acid and ethylene glycol as chelating agents. The similar
preparation routine can be found elsewhere [17]. Nitrates of Ca,
Ba, Pr and Co with stoichiometric ratios were dissolved in an aque-
ous solution of citric acid, a small amount of ethylene glycol was
added in to the solution. The solution was slowly heated to
353 K and it was maintained at 353 K with continuous stirring in
order to form the precursor gel. The gel was firstly dried at 353 K
for 5 h and then dried at 393 K in air for 12 h. Then the dry gel
was thoroughly ground and heated at 1073 K for 5 h to obtain
Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) polycrystalline
powder. The Ca3Co4O9+d polycrystalline powder synthesized by
solid state reaction method as comparing counterpart was also
prepared. The CaCO3 and Co3O4 powders with nominal composi-
tional ratios were mixed and ball milled for 4 h with alumina balls
as milling medium. The resulting powders were then pressed intopellets and sintered at 1123 K for 10 h. The pellets were then
ground and ball milled for 4 h, then the powders were pressed into
pellets and sintered at 1173 K for 10 h. Finally the pellets were
ground and ball milled for 2 h with alumina balls as milling med-
ium to form the Ca3Co4O9+d polycrystalline powder. The bulk mate-
rials were prepared by the SPS method. The powder was firstly
pressed into pellets within a graphite die. Then the pellets were
subjected to SPS procedure.
The microscopic image of the powder and bulk materials were
obtained with the scanning electron microscope (SEM) using sec-
ondary electron mode by Carl Zeiss SUPRA 40 operated at 10 KV.
The phase constitutions of the bulk materials were analyzed by
X-ray diffraction (XRD) at room temperature on a Rigaku diffrac-
tometer with CuKa radiation in a 2h range of 5–75, with steps of
0.02 (2h) and a time per step of 1 s. The density d was measured
by Archimedes method. The electrical resistivity and Seebeck coef-
ficient were measured in He atmosphere from room temperature
up to 1000 K using a conventional dc standard four-probe method
on ULVAC ZEM-2 system.Results and discussion
Bulk texture formation
Fig. 1(A1 and A2) shows the fractured cross-section SEM images
of the Ca3Co4O9+d polycrystalline bulk materials with powders by
solid state reaction method and sol gel method as starting materi-
als, respectively. Layered structure can be observed from Fig. 1(A)
for both of the bulk materials fabricated by SPS, and the SPS
method is indeed an effective way for grain growth for Ca3Co4O9+d
polycrystalline particles with layered structure. Furthermore, note
that the bulk materials with powders synthesized by sol gel
method as raw materials show much better particle alignment
and body texture than that of the bulk materials with powders syn-
thesized by solid state reaction method as starting materials. Three
paralleled samples were prepared and the phenomena confirm this
result. It is indicated that the powder properties such as
microstructure, shape and size distribution influence the particle
alignment and body texture of the bulk materials. Fig. 1(B1 and
B2) shows the SEM images of the Ca3Co4O9+d polycrystalline pow-
ders by solid state reaction method and sol gel method, respec-
tively. Although the small particles tend to agglomerate, it can be
seen from Fig. 1(B) that the polycrystalline powders synthesized
by sol gel method are powders with plate-like particles and uni-
form particle size distribution, the polycrystalline powders synthe-
sized by solid state reaction method are the powders with anomaly
shape as well as irregular particle size distribution. It is true that
the powders with plate-like particle shape and uniform particle
size distribution tend to align much better during the SPS than that
of the powders with anomaly particle shape as well as particle size
distribution.
Fig. 2(A) shows the schematic illustration of the particle merg-
ing and re-orientation in the SPS process, Fig. 2(B) shows the mag-
nified microstructure of the observed particle merging and
orientation in the texture formation process of the plate like parti-
cles during the SPS process. The particles tend to align regularly
and the particles grow larger during the sintering circumstance
of SPS. The dot dash lines marked in Fig. 2 illustrate aligned grains
to guide the eyes. All grains have been aligned perpendicular to the
SPS axis direction [0 0 l]. The grains marked with①,② and③ have
merged and grown in the SPS process, they tend to align simulta-
neously. It is obviously true that the plate like particles have the
advantage to align much more regularly and the particles can be
much easier to merge and grow. That is the reason why the bulk
materials with powders synthesized by the sol gel method as
Fig. 1. Fractured cross-section SEM images of the Ca3Co4O9+d polycrystalline bulk materials (A1 and A2), SEM images of the Ca3Co4O9+d polycrystalline powders by solid state
reaction method and sol gel method (B1 and B2).
Fig. 2. Schematic illustrations for the texture formation process (A) and observed
grain merge and growth of the plate like particles (B).
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than that of the bulk materials with powders synthesized by solid
state reaction method as starting materials.Phase composition
Fig. 3(A) presents the XRD patterns of the Ca2.8BaxPryCo4O9+d
(x, y = 0, 0.05, 0.1, 0.15 and 0.2) bulk materials sintered by SPS
using the powders synthesized by sol gel method as raw materials.
The mark 349 denotes the pure Ca3Co4O9+d. The symbol B0P0.2 in
the figure denotes the Ca2.8BaxPryCo4O9+d (x = 0, y = 0.2), and so on.
The XRD patterns of the Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15
and 0.2) are in good agreement with the reported XRD data for the
Ca3Co4O9+d [13,21]. There is no secondary phase found and the
diffraction peaks can be indexed as Ca3Co4O9+d structure according
to the JCPDS card with PDF No. 21-0139, indicating that the pre-
pared bulk materials are Ca3Co4O9+d type compounds. Fig. 1(B) pre-
sents the 2h shifts to low angles for (0 0 1) and (0 0 2) diffraction
peaks, this is an indication that the dopants have entered the lat-
tice site and the lattice parameters of the sub-layer have been
changed. This phenomenon can be explained by that the dopants
Ba and Pr which are larger than Ca have induced the local distor-
tion and thereafter the decreased lattice parameters, supposing
that the Ca, Ba and Pr present bivalent, bivalent and trivalent states
in this compound. It could be seen from the figure that the XRD
patterns of the Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2)
bulk materials show different diffraction peak intensities and
quantities. The total diffraction peak quantity increases along with
increasing Pr doping content. For example, there are 8 diffraction
peaks (mainly the 00l diffraction peaks) for the B0.2P0 sample,
and there are 15 diffraction peaks for the B0P0.2 sample. The
diffraction peak intensity shows the reverse behavior, the intensity
decreases by increasing the Pr doping content. This phenomenon
has indicated that the dopants Ba and Pr exhibit different impact
on the crystallization, grain growth and bulk texture formation
for the titled oxide materials.
Fig. 3. XRD patterns of Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) bulk materials.
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lization and grain growth for the titled oxide materials, the Scher-
rer equation [26] was used to analyze the grain size fluctuation of
the Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) bulk
materials:
D ¼ kk
b cos h
ð3Þ
where D is the grain size, k is a constant, k is the wavelength of the X
ray, h is the diffraction angle and b is the full width at half maxi-
mum of the XRD pattern peaks. The grain size is a reverse function
of the full width at half maximum of the XRD pattern peaks. It can
be observed slightly that the XRD of co-doped material systems
have larger b compared with that of the pure Ca3Co4O9+d. Smaller
grain size can be deduced for the co-doped materials systems.
Grain orientation and texture modulation
As is shown in Fig. 3(A) that the diffraction peaks of (0 0 l)
planes are much stronger than other peaks, this indicates the pre-
ferred grain orientation perpendicular to [0 0 l] direction. To inves-
tigate the effects of dopants Ba and Pr on grain orientation and bulk
texture formation for the titled oxide materials, the Lotgering fac-
tors L [27] were used. The Lotgering factor L is a valuable measure-
ment for the particle orientations of inorganic bulk materials, it is
calculated based on the XRD pattern data as follow:
L ¼ ðP  P0Þ=ð1 P0Þ ð4Þ
P ¼ RIf001g=RIfhklg ð5Þ
where P is calculated from the bulk materials and P0 is calculated
from randomly powdered materials. Table 1 shows the L values.
As is shown in the table, the particle orientation decreases by
increasing the Pr doping content, and the particle orientation of
bulk materials is effectively modulated by altering the doping con-
tent. Bulk materials with modulated body texture are formed. From
the measured density values shown in Table 1, positive relationshipTable 1
Density, Lotgering factor L and activation energy for Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05,
0.1, 0.15 and 0.2) bulk materials.
x, y Density (gcm3) L Activation energy Ea (eV)
0, 0.2 4.511 0.78 0.073
0.05, 0.15 4.523 0.81 0.073
0.1, 0.1 4.530 0.87 0.072
0.15, 0.05 4.528 0.91 0.072
0.2, 0 4.523 0.92 0.072
0, 0 4.521 0.87 0.072between particle orientation and density could be observed. The
bulk materials with lower density can be ascribed to their lower
particle orientation and texture.
The grain orientation as a function of donor electronegativity c
has been investigated within our former work [20,25], the reverse
relationship between particle orientation and donor electronega-
tivity c has been reported. Here the nominal electronegativity c
of donors for the co-doped bulk materials is calculated as follow:
c ¼ cBa  x%þ cPr  y% ð6Þ
where cBa and cPr are the electronegativity of Ba and Pr, x% and y%
are the relative molar fraction of Ba and Pr. Table 1 and Fig. 4(C) pre-
sent the Lotgering factor L. It can be observed that the Lotgering fac-
tor L shows negative relationship with the donor nominal
electronegativity c. This is in agreement with our former report that
the grain orientation is a reverse function of the donor electroneg-
ativity c for the Ca site [20,25]. Although a detailed work is still
needed, as estimation, the particle orientation of Ca3Co4O9+d mate-
rial systems can be influenced in evidence by the modification of
combining nature within rock salt type Ca2CoO3 layer.
Electrical transport properties
Fig. 4 presents the electrical resistivity q, normalized q, ln (T/q)
and Seebeck coefficient for all Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1,
0.15 and 0.2) bulk materials as functions of temperature, doping
content x and y. The resistivity at 973 K as a function of Lotgering
factor L and nominal electronegativity c is also shown in the figure.
The q decreases along with increasing temperature, showing semi-
conductor behavior. Fig. 4(B) presents the normalized resistivity
q/q349 to better illustrate the resistivity fluctuations as a function
of doping content x and y. The q as a function of doping content
x and y shows characteristics as follows. The q increases by
increasing the Pr content, however the q decreases by increasing
the Ba content. At the same time, one can see from Fig. 4(C) that
the q shows reverse trend with the grain orientation of the bulk
materials, bulk materials with higher particle orientation degrees
exhibit lower resistivity. This is a good testimony that the electrical
resistivity is intensively influenced by the bulk texture [14–16].
The crystal structure of the titled material system is composed
by rock salt type Ca2CoO3 layer and CdI2 type CoO2 layer, the rock
salt type Ca2CoO3 layer is commonly regarded as the carrier reser-
voir layer which affords carriers to the CdI2 type CoO2 layer, and
the CdI2 type CoO2 layer is the electrical conduction layer [21].
The adiabatic polaron transport equation is used to analyze the
co-doping effect on carrier transport process within these layers:
q ¼ q0  T  e
EA
kT
 
ð7Þ
Fig. 4. Electrical resistivity q, normalized q, 973 K resistivity and Lotgering factor L, ln (T/q), Seebeck coefficient and power factor of Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15
and 0.2) bulk materials.
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vating energy of polaron carriers [28–33]. One can get the activating
energy EA by deducing the equation as follow:ln
T
q
 
¼  EA
k
 1
T
þ ln q0 ð8Þ
The titled material is suitable for high temperature application
fields; therefore attention is paid to their high temperature carrier
transport. Fig. 4(D) presents the linear fit of ln (T/q) versus 1000/T
above 600 K, the deduced EA is shown in Table 1. One can see that
the activation energy EA remains basically unchanged for all bulk
materials. The reason is that the doping occurs at the Ca site within
the rock salt type Ca2CoO3 layer, the electrical conduction layer
CoO2 is not disturbed [24].
It is observed from Fig. 4(E) that the Seebeck coefficient
a increases monotonically with elevating temperature, thisphenomena exemplifies the enhanced thermopower by increasing
temperature for the cobalt oxide materials. This can be interpreted
by that the Seebeck coefficient a could be intensively determined
by the scattering within the solid state material systems. The abso-
lute value of Seebeck coefficient a has a positive relationship with
the carrier scattering factor c described as a function [31]:
a / Cðc In nÞ ð9Þ
where C is a constant and n is density of carriers. As is discussed
above, the co-doped material systems have modified texture, the
bulk materials with lower texture have stronger scattering effect,
and this contributes to higher Seebeck coefficient. Secondly, as is
shown in Phase composition, the co-doped material systems have
smaller grain size; this enhances the scattering effect due to the
magnified mean areas of the crystal boundary. This is also helpful
for heightening the Seebeck coefficient. Furthermore, the heavy
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distortion and stress concentration can be induced and they act as
scattering center within the material systems. The Ba and Pr doping
for Ca site has adjusted the bond nature of the rock salt Ca2CoO3
layer, the local electrovalent bond and Coulomb force are enhanced,
the lattice vibrations can be complicated, the scattering effect could
also be enhanced. Moreover, it has been reported that the band
structure can be modified by doping, the effective mass of carriers
near the Fermi level should be enhanced, and the enhanced carrier
effective mass should contribute to increasing the Seebeck coeffi-
cient. On the whole, these factors are the reasons why the
B0.1P0.1, B0.05P0.15 and B0P0.2 bulk materials show heightened
Seebeck coefficient. In addition, the Seebeck coefficient shows a
maximum for the Ca2.8BaxPryCo4O9+d (x = y = 0.1) material system,
this could be ascribed to the combined scattering effect and effec-
tive mass enhancement for the co-doped material system.
The power factor PF for all Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1,
0.15 and 0.2) bulk materials as functions of temperature, doping
content x and y showed in Fig. 4(F) presents the enhanced
electrical performance of all doped bulk materials. The highest PF
value within the measured temperature region is found for the
Ca2.8BaxPryCo4O9+d (x = y = 0.1) bulk material, and the largest PF
value reaches 462 lWm1 K2 at 973 K, this value is 13.7% higher
than that of the pure Ca3Co4O9+d. This result is mainly due to the
contribution of enhanced Seebeck coefficient a. It is indicated from
the present work that the electrical performance of the titled
material could be improved by modulating electrical transport
parameters via bulk material particle orientation modification
and multi-elements co-doping with different electronegativity at
the same content, using SPS as preparation method.
Conclusions
To be concluded, the Ca3Co4O9+d polycrystalline powders were
synthesized by solid state reaction as well as sol gel method. The
Ca2.8BaxPryCo4O9+d (x, y = 0, 0.05, 0.1, 0.15 and 0.2) bulk materials
were prepared by spark plasma sintering method. The powders
with plate-like particles and uniform particle size tend to align reg-
ularly rather than the powders with anomaly shape and irregular
particle size distribution. The bulk materials co-doped by elements
with lower electronegativity tend to form better texture rather
than that of the bulk materials co-doped by elements with higher
electronegativity. The electrical performances are closely related to
the bulk material texture degree. The resistivities and Seebeck
coefficients show negative correlations with the bulk materials
texture as a whole, and the carrier transport mechanism are not
influenced. The largest power factor value of the bulk material is
462 lWm1 K2 at 973 K for Ca2.8BaxPryCo4O9+d (x = y = 0.1) bulk
sample system. The electrical performance is successfully tunedby modulating electrical transport parameters via bulk material
particle orientation modification and elements co-doping with dif-
ferent electronegativity.Acknowledgments
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